INTRODUCTION
In the treatment of cancer, the increasing use of intensitymodulated radiation therapy and volumetric-modulated arc therapy to escalate the dose to the tumor results in the exposure of large volumes of normal tissue to low and moderate doses of radiation. These radiotherapy techniques have increased the interest in understanding the DNA damage response and cellular outcome after irradiation at sub-therapeutic doses, particularly for cell types that respond with hypersensitivity to very low doses of ionizing radiation. In previously published clinical studies of the effects of radiation on skin samples, particularly keratinocytes, low-dose hypersensitivity was established using doses below 0.3 Gy for the following cellular end points (1) (2) (3) (4) : induction of DNA double-strand breaks (DSBs), growth arrest, apoptosis and rate of keratinocyte loss in the basal cell layer. The low-dose hypersensitivity, which was followed by induced radioresistance, persisted in epidermal keratinocytes for all measured effects over a radiotherapy course of 7 weeks, given daily dose fractions of 0.05-1.1 Gy. In this work, we present the response of melanocytes in the skin to ionizing radiation using the same clinical samples as in the previously reported work with keratinocytes.
Melanocytes are neural crest-derived, pigment-producing cells. In addition to their presence in hair follicles, cutaneous melanocytes in humans are present in the interfollicular epidermis, on the basement membrane of the epidermal-dermal junction. Approximately one interfollicular melanocyte is observed for every 5-6 basal keratinocytes. Upon exposure to ultraviolet radiation (UVR), melanin production in specialized organelles called melanosomes results in skin pigmentation. The melanosomes are distributed as pigment granules through the tips of the dendrites of the melanocytes. These are able to reach all keratinocytes of the epidermis, creating a direct shield against UVR (5, 6) .
Hyperpigmentation of the skin manifests not only as tanning after sun exposure, but also in other clinical situations, such as after inflammation and as a consequence of adrenal insufficiency (7) . Hyperpigmentation and depigmentation occur frequently in radiotherapy and are often long-lasting in areas exposed to radiation. To the best of our knowledge, the mechanisms underlying these phenomena have not been explored. In contrast, the mechanisms regulating UVR-induced pigmentation have been investigated extensively, and novel regulatory pathways that highlight the interactions between keratinocytes and melanocytes were recently described elsewhere (8, 9) .
Neural crest cells generate melanocyte precursor cells that are partially committed to the postnatal melanocyte lineage but remain undifferentiated. In adult human skin, the melanocyte precursor cells reside in the hair follicle bulge area and consist of two distinct cell populations: the melanocyte stem cells and their transit amplifying progeny, melanoblasts. Generally, melanocyte stem cells are quiescent, cycle slowly and function as a melanocyte reservoir. Upon appropriate stimulation, these immature cells are capable of regenerating mature melanocytes to maintain pigmentation during each hair cycle and replenish melanocytes of the interfollicular epidermis when necessary (10) (11) (12) . Whether an independent and self-sufficient subset of melanocyte precursor cells exists in the interfollicular epidermis is not established yet.
PAX3 and SOX10 are two transcription factors expressed in neural crest cells that are crucial for commitment to the melanocyte lineage. In adult human skin, PAX3 expression occurs in precursor cells and also in interfollicular melanocytes, with the exception of terminally differentiated melanocytes (10, (13) (14) (15) . Similarly, SOX10 is expressed in undifferentiated and early-differentiated melanocytes, but then downregulated as the cells terminally differentiate (16, 17) .
The role of PAX3 and SOX10 in the melanocyte lineage has been established in adult mice. Upon UVR exposure, PAX3 and SOX10 act synergistically in precursor cells to initiate melanocyte differentiation and melanin synthesis. Simultaneously, PAX3 prevents terminal differentiation, thereby rescuing a subset of precursor cells from depletion (18, 19) . SOX10 also plays a role in the maintenance of this subset (20) .
Microphthalmia-associated transcription factor (MITF) is expressed in neural crest cells downstream of PAX3 and SOX10. MITF is a nuclear protein critical for all stages of the melanocyte lineage (21, 22) . However, to prevent melanocyte maturation, MITF expression is suppressed in quiescent melanocyte stem cells by TGF-b signaling from adjacent cells of the keratinocyte lineage in the hair follicle bulge (11) . MITF regulates the major enzymes in melanin synthesis: tyrosinase, tyrosinase-related protein-1 and dopachrome tautomerase (DCT) (23) . MITF also controls melanocyte proliferation and cell survival (24) . Notably, PAX3 has been shown to govern the proliferation and survival of immature melanocytes through its role as a key regulator of MITF (18, 19) . Simultaneously, MITF protects precursor melanocytes from premature differentiation via negative regulation of SOX10 (20) . MITF is also critical for melanocyte survival via its regulation of the endogenous expression of the anti-apoptotic protein Bcl-2 (25) .
Signaling through the secretion of cytokines by keratinocytes substantially regulates the survival of epidermal melanocytes, dendrite formation and melanin synthesis. For example, UVR-exposed melanocytes adjacent to keratinocytes have a superior survival rate to melanocytes without neighboring keratinocytes (26) . In the case of unexposed human foreskin, constitutive TGF-b signaling from adjacent keratinocytes suppresses PAX3 in the precursor melanocytes, maintaining a quiescent, nonproliferating and non-melanin-producing state. Therefore, TGF-b regulates endogenous PAX3 expression in undifferentiated melanocytes in a paracrine dose-dependent manner (8, 9) . UVR exposure represses paracrine TGF-b signaling from keratinocytes, subsequently upregulating PAX3 in immature melanocytes. The UVR sensors and effectors for skin pigmentation are mediated through the ATM/ATR/p53 and JNK pathways. Activation of both pathways upon UVR damage inhibits TGF-b secretion from keratinocytes by regulating activating-protein 1 (9, 27) .
UVR induces phosphorylation and stabilization of the tumor repressor p53 in keratinocytes via ATM and ATR. Stabilized p53 in keratinocytes exerts at least three regulatory functions on melanocytes. First, p53 suppression of TGF-b secretion from keratinocytes results in upregulation of PAX3 in melanocytes. Second, p53 induces transcription of melanocyte-stimulating hormone (a-MSH), a ligand secreted to a much larger extent by keratinocytes than melanocytes, activating the melanocortin-1 receptor (MCIR) on melanocytes (8, 9) . Alpha-MSH/ MCIR induces the c-AMP pathway in melanocytes. SOX10 is upregulated, independent of p53, through UVR-induced inhibition of ATR function in melanocytes (28) . Activation of the PAX3/c-AMP/SOX10 complex is necessary for initiating the transcription of MITF, and pushes immature melanocytes towards differentiation (12, 19, 29) . A third regulatory function of stabilized p53 is that it induces stem cell factor (SCF) expression in keratinocytes. SCF is the ligand of the c-KIT receptor on melanocytes (30) , and SCF/ c-KIT signaling activates MITF (31, 32) .
In human foreskin, proteins involved in the response of keratinocytes upon exposure to UVR, such as p53 and p38, also regulate the effects of UVR on melanocytes (8, 9) . Similar findings have been reported in organ cultures of human skin (30) and hair follicles in mice (33) . However, keratinocyte-melanocyte interactions upon exposure to UVR have not yet been clarified in adult human interfollicular epidermis. Furthermore, it is unknown whether the paracrine cytokine signaling from keratinocytes to melanocytes, which manifests upon DNA damage from UVR, also occurs after exposure to ionizing radiation.
The goal of this study was to determine the response to low-dose fractionated irradiation of in situ epidermal interfollicular melanocytes, using UVR-related molecular markers.
MATERIALS AND METHODS

Patients and Radiotherapy
Skin biopsies were taken from 33 prostate cancer patients receiving radiotherapy with curative intent in Gothenburg, Sweden, between 2003 and 2005. The median age of the patients was 65 years (range 49-74 years). Approval was obtained from the Ethical Committee at the University of Gothenburg (Gothenburg, Sweden). Written informed consent was obtained from all patients prior to participation.
In accordance with ICRU50 (34), the prescribed radiation dose to the isocenter of the prostate was 35 daily fractions of 2 Gy for 7 weeks. Photons (11 or 15 MV) were applied in a three-field technique with one anterior field and opposed lateral fields with wedges. A 5-mm bolus was added on the left lateral field. The dose per fraction, at a depth of 0.1 mm below the skin surface (relevant for the biological end points), was determined carefully at the location where each biopsy was taken, as described in detail earlier (3, 4) .
A total of 268 skin punch biopsies, 3 mm in diameter, were sampled. Four unexposed control biopsies (0 Gy) were collected from the hip region, not sun-exposed, for each patient prior to the start of the radiotherapy course and before the CT for dose planning and the simulation procedure. Four irradiated biopsies were taken during radiotherapy from each patient at the same occasion from skin areas that would correspond to doses of approximately 0.1, 0.2, 0.45 and 1.1 Gy, respectively. The two lowest dose per fractions were obtained by taking biopsies at 15 and 30 mm outside the lateral fields in the penumbra region. The two highest dose per fractions were obtained by taking biopsies within the lateral fields. The position of each sample in relationship to the treatment fields was transferred to a transparency film and was compared to the dose plan to further improve the dose determination for each of the four irradiated biopsies. The doses in the build-up region both inside and outside the treatment fields were determined by ionization chamber measurements in phantoms with a typical field set-up for these patients, as described in detail elsewhere (3) . The estimated maximum uncertainty of the determined doses was less than 12% for the two lower doses and less than 7% for the two higher doses. The unique biopsy sampling procedure made it possible to determine dose-response relationships for each individual patient and all investigated end points for the cells of the melanocyte lineage.
The average and standard deviation of the individual dose estimations for each biopsy taken from the four different sites for all 33 patients were 0.05 6 0.01, 0.13 6 0.05, 0.44 6 0.03 and 1.09 6 0.08 Gy. Biopsies from the 33 patients were collected at two occasions during the radiotherapy course: group 1 (22 patients) at 1 week of radiotherapy and group 2 (12 patients) 6.5-7 weeks of radiotherapy. All biopsies were taken 30 min after the latest fraction and fixed immediately in 4% formaldehyde, dehydrated and embedded in paraffin.
Immunohistochemistry
Three transverse 4-lm tissue sections from each biopsy were taken from various levels and mounted on a Superfroste Plus Slide (MenzelGläser, Braunschweig, Germany). The slides were dried at 378C overnight. Immunohistochemical staining was performed on a Ventana Benchmarkt automated IHC stainer using the Ventana iViewe DAB detection kit (Ventanat Medical Systems, Tucson, AZ); subsequent manual counterstaining was performed with Meyers HTX. The primary antibodies were: monoclonal mouse antibody DNp63 (4A4) sc-8431, raised against amino acids 1-205 at the N-terminus of human DNp63 (1:200; Santa Cruz Biotechnologyt Inc., Dallas, TX); monoclonal mouse antibody MITF clone D5 (1:50; Dako, Glostrup, Denmark); and monoclonal mouse antibody Bcl-2 clone 124 (1:15; Dako). In addition, three tissue sections from each biopsy were stained with hematoxylin and eosin (H&E) and periodic acid-Schiff (eosin-PAS). Tissues known to express the antigen of interest were used as positive controls. As negative controls, skin biopsy sections omitting the primary antibodies from the staining procedure were used. For each molecular marker, all tissue sections from one patient were stained simultaneously to avoid influence from fluctuations in the procedure.
Immunofluorescence
Combinations of primary antibodies from different species were used for double-staining: MITF (1:100, monoclonal mouse, clone D5; Dako), MITF (1:50, polyclonal rabbit; Atlas Antibodies, Bromma, Sweden), DNp63 (1:200, monoclonal mouse, clone 4A4; Santa Cruz Biotechnology), DNp63 (1:100, polyclonal rabbit; Atlas Antibodies), Bcl-2 (1:20, monoclonal mouse, clone 124; Dako), p53 (1:100, monoclonal mouse, clone DO-7; Dako), Ki-67 (1:100, monoclonal mouse, clone MIB-1; Dako), SOX10 (1:100, polyclonal goat, N-20; Santa Cruz Biotechnology), PAX3 (1:100, polyclonal rabbit; Invitrogen), p21 (1:100, monoclonal mouse, clone EA10; Abcamt, Cambridge, MA), c-KIT (1:100, polyclonal rabbit; Dako) and DCT (1:500, monoclonal mouse, clone C-9; Santa Cruz Biotechnology). Double-staining experiments were performed with appropriate pairs of fluorescent secondary antibodies raised in goat or donkey and attached to Alexa Fluort 480 and 555 fluorescent dyes (1:100; Molecular Probest, Eugene, OR). The manual staining protocol included epitope retrieval in boric acid buffer (pH 7.0) heated in a water bath (908C) for 45 min. Antibody incubations were performed at 208C for 1 h and followed by three 5-min washes in phosphate-buffered saline (pH 7.4). 4 0 ,6-diamidino-2-phenylindole dilactate (DAPI, 0.4 lg/ml; Molecular Probes) was used for nuclear staining. Slides with air-dried sections were mounted in Vectashieldt mounting media (Vectort Laboratories, Burlingame, CA).
Quantification of Molecular Markers
Quantitative estimates of melanocytes positive or negative for DNp63, MITF and/or Bcl-2 were determined by cell counting restricted to the basal layer of the epidermis. These cells can easily be distinguished from keratinocytes through the morphological characteristics revealed by eosin-PAS staining (5, 6, 35) ; melanocytes have distinct nucleoli, tendency for vacuolization, cytoplasm adherence to the nucleus and lack of desmosomes. DNp63 is a cell-cycle regulator expressed in keratinocytes but undetectable in normal melanocytes (36) . The DNp63-negative cells fulfilled the morphological criteria of melanocytes. Therefore, all DNp63-negative cells were associated with the melanocyte lineage. The cell nucleus of the melanocyte very distinctly stains for MITF. In contrast, Bcl-2 protein is observed in the cytoplasm of melanocytes. However, Bcl-2 expression is undetectable in keratinocytes in the unexposed epidermis and also upon UVR exposure (37) .
The total number of cells in the melanocyte lineage identified per mm of basal membrane was determined for all biopsies on three separate sections for eosin-PAS staining and each immunostaining. All counting was performed by one of the authors (P.F.) using a brightfield microscope with a 1003 objective. The author I.H. also counted all eosin-PAS samples, with results equivalent to those of PF (linear regression, R ¼ 0.84, P , 0.001, data not shown). With the use of 1003 magnification the desmosomes of the keratinocyte cell membrane were clearly visualized in all immunohistochemical staining, facilitating the separation of melanocytes from keratinocytes located at the basement membrane.
To evaluate the presence of melanocyte-specific markers and DNA damage proteins expressed in melanocytes, DNp63 co-staining was assessed by immunofluorescence. We identified subpopulations positive or negative for each protein and co-expression of melanocyte-specific markers. An estimation of the number of cells within each subset of markers was intended.
Statistical Analysis
Repeated measures analysis of variance (ANOVA) was used for comparisons among the two patient groups. The correlation between dose and response for each individual was determined by Kendall's tau for each staining (38) . The mean values of the individual correlation coefficients were tested in a one-sample t test with the hypothesis that the true mean equals zero. Statistical Package for the Social Sciences (SPSS version 22; Chicago, IL) and R were used for all statistical analyses (39) .
Low-dose hypersensitivity was investigated by assessing the shapes of the individual dose-response curves for estimates of MITF-and Bcl-2-negative melanocytes. Individual dose-response relationships were normalized to dose fraction, providing a measure by which the effect per dose unit is comparable within each patient's biopsy set. The slopes from all individual regressions were collected and tested using a t test with the hypothesis that the true mean equals zero (4). Table 1 shows the number of cells that expressed each marker at 1 week of radiotherapy (group 1, n ¼ 22) and at 6.5-7 weeks of radiotherapy (group 2, n ¼ 12).
RESULTS
DNp63 and Eosin-PAS Staining
All DNp63-negative cells fulfilled the morphological criteria for melanocytes (Fig. 1A) . In unexposed skin, group 1 had 17.4 6 0.7 DNp63-negative cells/mm. At 1 week of radiotherapy, the number of cells increased slightly, but not significantly, for all doses per fraction ( Fig. 2A) . In group 2, 17.4 6 1.3 DNp63-negative cells/mm was estimated in unexposed skin; there was a small but insignificant decrease in the number of DNp63-negative cells for all doses per fraction at 6.5 weeks of radiotherapy. Overall, no significant difference was found in the number of DNp63-negative cells at 1 week and 6.5 weeks of radiotherapy (Table 1) . We conclude that, independent of dose per fraction, no significant loss of cells in the melanocyte lineage occurred during the radiation treatment.
In contrast to keratinocytes in eosin-PAS-stained skin sections, melanocytes lacked desmosomes and had a halo around the cell, making them easy to identify in the basal layer of the epidermis. Notably, after exposure to a small radiation dose, the halo became more prominent (Fig. 1B) . In group 1, 18.7 6 0.7 melanocytes/mm were estimated in unexposed skin. At 1 week of radiotherapy, the number of cells increased slightly up to 23.6 6 1.5 cells/mm over the dose range 0.05-1.08 Gy (P , 0.001) (Fig. 2B) . In group 2, the number of melanocytes in unexposed skin was 18.1 6 1.3 cells/mm. This number increased at 6.5 weeks of radiotherapy, up to 21.9 6 1.4 over the dose range 0.05-1.11 Gy, but was only significant for 0.44 Gy. However, no significant difference was found between 1 and 6.5 weeks of radiotherapy at any dose ( Table 1) .
The accuracy of identifying interfollicular melanocytes was supported by the correlation between the number of DNp63-negative cells and eosin-PAS for individual patients. We found a strong correlation between eosin-PASdetermined melanocytes and DNp63-negative cells in both unexposed skin (P , 0.001; Fig. 3A ) and irradiated skin (P , 0.001; Fig. 3B ).
Immunohistochemical Staining of MITF and Bcl-2
After 1 week of radiotherapy, a gradual increase in the number of MITF-positive marker MITF appeared in the nucleus (Fig. 1C) . Group 1 had 12.3 6 0.7 MITF-positive cells/mm in unexposed skin. A gradual increase up to 20.6 Note. Data are presented as mean (SE). a Group 1: from patients after 1 week of radiotherapy (n ¼ 22); group 2: from patients at the end (6.5-7 weeks) of radiotherapy (n ¼ 12). 6 1.2 cells/mm was observed over the dose range 0.05-1.08 Gy (P , 0.001) (Fig. 2C) . In group 2, the number of MITF-positive cells was estimated to be 13.5 6 1.5 cells/ mm in unexposed skin, gradually increasing to 21.6 6 1.7 cells/mm at the end of radiotherapy over the dose range 0.05-1.11 Gy (P , 0.001). No significant difference was found between 1 and 6.5 weeks of radiotherapy at any dose per fraction (Table 1) .
All MITF-positive cells in the basal layer possessed the morphological features of melanocytes. Some cells that were identified as melanocytes did not stain for MITF. In particular, their specific location at the basement membrane and lack of desmosomes unequivocally distinguished them from adjacent keratinocytes. We refer to these cells as MITF-negative melanocytes (Table 1, Fig. 1C) . In group 1, the number of MITF-negative melanocytes was 5.5 6 0.3 cells/mm in unexposed skin. At 1 week of radiotherapy, there was a significant gradual decrease in the number of MITF-negative melanocytes, down to 1.8 6 0.2 cells/mm over the dose range 0.05-1.08 Gy (P , 0.001) (Fig. 2C) . In group 2, the number of MITF-negative melanocytes was 3.9 6 0.4 cells/mm in unexposed skin. At 6.5 weeks of radiotherapy, a significant gradual decrease in the number of MITF-negative melanocytes was measured, down to 0.7 6 0.1 cells/mm over the dose range 0.05-1.11 Gy (P , 0.001, Table 1 ). The dose response at 1 week of radiotherapy did not significantly differ from the dose response at 6.5 weeks of radiotherapy. The dose-dependent reduction in the number of MITF-negative melanocytes demonstrated a low-dose hypersensitive response at both 1 and 6.5 weeks of radiotherapy and was detected for each patient (P , 0.001).
Bcl-2 staining was restricted to melanocytes in the basal cell layer (Fig. 1D) . All Bcl-2-positive cells exhibited the morphological characteristics of melanocytes. In group 1, the number of Bcl-2-positive cells in unexposed skin was estimated to be 14.4 6 0.7 cells/mm. At 1 week of radiotherapy, there was a gradual increase in the number of Bcl-2-positive cells, up to 21.5 6 1.3 cells/mm over the dose range 0.05-1.08 Gy (P , 0.001) (Fig. 2D) . In group 2, the number of Bcl-2-positive cells was 15.3 6 1.2 cells/mm in unexposed skin. After 6.5 weeks of radiotherapy, the number gradually increased to 22.5 6 1.0 cells/mm over the dose range 0.05-1.11 Gy (P , 0.001, Table 1 ). No significant difference in dose response was found between 1 and 6.5 weeks of radiotherapy.
In parallel to the existence of MITF-negative cells, some cells identified as melanocytes did not stain for Bcl-2. We refer to these cells as Bcl-2-negative melanocytes (Fig. 1D) . In group 1, the number of Bcl-2-negative melanocytes was 4.6 6 0.2 cells/mm in unexposed skin. At 1 week of radiotherapy, there was a significant gradual decrease in the number of Bcl-2-negative melanocytes, down to 1.2 6 0.09 cells/mm over the dose range 0.05-1.08 Gy (P , 0.001) (Fig. 2D) . In group 2, the number of Bcl-2-negative melanocytes was 4.4 6 0.2 cells/mm in unexposed skin. At 6.5 weeks of radiotherapy, a significant gradual decrease in the number of Bcl-2-negative melanocytes, down to 0.7 6 0.1 cells/mm, was recorded over the dose range 0.05-1.11 Gy (P , 0.001, Table 1 ). The dose response at 1 week of radiotherapy did not significantly differ from the dose response at 6.5 weeks of radiotherapy. The dose-dependent reduction in Bcl-2-negative cells demonstrated a low-dose hypersensitive response at both 1 and 6.5 weeks and was detected for each patient (P , 0.001).
There was good agreement regarding the number of MITF-positive and Bcl-2-positive cells, and MITF-negative and Bcl-2-negative cells in unexposed and irradiated skin ( Table 1 , Fig. 2C and D) . Importantly, we also demonstrated high correlation between MITF and Bcl-2-positive cells for the individual patient in both unexposed and irradiated skin at all four dose levels (Fig. 4) .
Immunofluorescent Staining for MITF and Bcl-2
To confirm that all MITF-and Bcl-2-positive and negative cells identified by immunohistochemical staining belong to the melanocyte lineage, we co-stained each MITF and Bcl-2 with DNp63 ( Fig. 5A and B) . No DNp63-positive cell in unexposed or irradiated skin co-expressed MITF or Bcl-2. In unexposed skin, a subset of DNp63-negative cells was also negative for MITF and Bcl-2. After exposure with the largest dose per fractions (1.1 Gy), at the very most one or two MITF-negative and Bcl-2-negative melanocytic cells/mm were detected. Thus, a true reduction in the subsets of MITF-and Bcl-2-negative melanocytes was observed after irradiation. Co-staining for MITF and Bcl-2 indicated complete overlap in the expression of the two proteins; no cells stained exclusively for MITF or Bcl-2 (Fig. 5C) .
Taken together, the assessments made by double-staining for DNp63 were consistent with the morphological identification of negatively and positively stained melanocytes via immunohistochemistry for both MITF and Bcl-2. Importantly, we identified a subset of MITF-negative and Bcl-2 negative melanocytes, i.e., undifferentiated melanocytes, which demonstrate dose-dependent disappearance upon exposure to ionizing radiation. Furthermore, the reduction in negative cells was associated with a corresponding increase in cells positive for the two proteins. Notably, we verified that the upregulation of Bcl-2 parallels the upregulation of MITF (Table 1 
Immunofluorescent Staining for MITF, SOX10 and PAX3
Co-staining for SOX10 and DNp63 revealed SOX10-positive cells exclusively among the DNp63-negative cells. In unexposed skin, approximately 25% of the DNp63-negative cells were SOX10-positive, and the number increased substantially, to at least 50%, after irradiation (data not shown). The results of double-staining for MITF and SOX10 are shown in Fig. 5D . In unexposed skin, we noted the presence of cells co-staining for both markers or only for SOX10 or MITF. In the irradiated samples, the number of double-stained cells increased. Thus, ionizing radiation induced an increase in SOX10 expression and increased MITF activity in cells that also expressed SOX10.
Co-staining for PAX3 and DNp63 revealed that PAX3-positive cells were found exclusively in the DNp63-negative cell population, in both unexposed and irradiated skin (Fig.  5E) . In unexposed skin, approximately one third of DNp63-negative cells were PAX3-negative, and at 1 week of radiotherapy (1.1 Gy) the majority were PAX3-positive.
In unexposed skin, double-staining for PAX3 and MITF revealed PAX3-positive/MITF-negative cells, PAX3-negative/MITF-positive cells and cells expressing both proteins. At 1 week of radiotherapy, the majority of stained cells expressed both proteins; only a few cells stained for MITF alone after 1.1 Gy per fractions (Fig. 5F ). Double-staining unexposed skin for PAX3 and SOX10 revealed PAX3-negative/SOX10-positive cells, PAX3-positive/SOX10-negative cells, and cells expressing both proteins in approximately one third of each part. At 1 week of radiation treatment with 1.1 Gy per fraction the majority of cells expressed both proteins, confirming the induction of both PAX3 and SOX10 upon ionizing radiation exposure (Fig. 5G) .
Immunofluorescent Staining for Proliferation
To determine whether proliferation of cells in the melanocyte lineage occurred throughout the irradiation period, we co-stained for Ki-67 and DNp63 (Fig. 5H) . As previously shown by immunohistochemistry, an increasing proportion of epidermal keratinocytes expressed Ki-67 throughout the 7 weeks of radiation treatment (40) . In contrast, all cells in the melanocyte lineage (DNp63-negative cells) were negative for Ki-67. Thus, proliferation is not indicated in the melanocyte population over 7 weeks of radiation treatment and proliferation cannot explain the significant increase in the number of MITF-positive and Bcl-2 positive cells upon ionizing radiation exposure described above.
Immunofluorescent Staining of p53 and p21
We double-stained p53 and DNp63 to reveal any upregulation of p53 (Fig. 5I) . The expression of p53 in epidermal keratinocytes was previously shown by immunohistochemistry to increase throughout radiation treatment (40) , which was also obvious in the current double-staining. However, all DNp63-negative cells were also negative for p53. Thus, the melanocyte population did not express p53 upon ionizing radiation exposure.
Upregulation of p53 in keratinocytes is associated with the transcription of p21. The results of co-staining for p21 and DNp63 are shown in Fig. 5J . In agreement with the lack of p53 expression in melanocytes, no nuclear p21 staining was detected in DNp63-negative cells, though we did observe weak staining in the cytoplasm. However, upregulation of p21 was evident in keratinocytes as shown in previously published studies (4, 40) .
Activation of c-KIT and DCT
Co-staining for c-KIT and DNp63 revealed that c-KITpositive cells were found exclusively among the DNp63-negative cells. Approximately one half of the cells in unexposed skin were c-KIT-positive, and the number increased gradually at 1 and 6.5 weeks of radiotherapy (Fig. 5K) . Double-staining for c-KIT and MITF showed that in unexposed skin, all MITF-positive cells were c-KITpositive and all MITF-negative cells were also c-Kitnegative (data not shown).
Double-staining for DCT and DNp63 showed that approximately one half of the DNp63-negative cells in In unexposed skin, MITF-negative cells were DCTnegative, but MITF-positive cells also expressed DCT to some extent (Fig. 5L) . After exposure, the melanocytes expressed higher levels of DCT and increase in the number of dendrites.
DISCUSSION
Quantification of Melanocytes by DNp63 and Eosin-PAS Staining
DNp63, an isoform of p63, is a key lineage-specific determinant of stratified epithelia, such as that of the epidermis (41) (42) (43) (44) . DNp63 is the predominant p63 isoform identified to date. Although total p63 is minimally expressed in normal melanocytes (45) , melanocytes express small amounts of two of the six isoforms of p63, which have not been definitively determined. Importantly, none of the p63 isoforms are induced by ionizing radiation or UVR (36) . We used the 4A4 anti-p63 monoclonal antibody in a manner similar to other studies and found intense staining of keratinocytes in the basal and suprabasal cell layers (Fig.  1A) . The DNp63 staining was of variable intensity in keratinocytes (Figs. 1A, 5A , 5B, 5H-K) and comparable to previously reported findings (41) . In light of the intense p63 staining, we cannot exclude the possibility that a small amount of p63 expression in melanocytes may serve as a confounding factor leading to a slight underestimation of the number of melanocytes (Table 1 , Fig. 2A) . By using decreasing concentrations of the 4A4 anti-p63 monoclonal antibody (from 1:100 up to 1:4,000), we found that 1:800 would have been the most optimal concentration, giving a 10% higher number of DNp63-negative cells than the 1:200 concentration used in this study (data not shown).
MITF-mediated activation of melanin-synthesizing enzymes requires the chromatin remodeling SWI/SNF complexes (46) , which are necessary for MITF-based regulation of melanocyte differentiation. MITF recruits SWI/SNF complexes to the promoters of melanocyte-specific genes responsible for melanin synthesis, where the SWI/SNF enzymes remodel the chromatin to activate gene expression. Chromatin remodeling by the SWI/SNF complexes may induce the morphological changes in cells of the melanocyte lineage that were observed by eosin-PAS staining after lowdose irradiation (Fig. 1) . Undifferentiated cells in unexposed skin are not visualized as easily by eosin-PAS staining as those in irradiated skin, which may lead to an underestimation of their number in control biopsies. This scenario is the most likely explanation for the significant increase in melanocytes after irradiation in the morphological evaluation (Table 1 and Fig. 2B ).
Despite the confounding factors considered for the current DNp63 and eosin-PAS staining, the accuracy of the determined numbers of interfollicular melanocytes is satisfactory due to the strong correlation between the two estimations for individual patients in both unexposed and irradiated skin (Fig. 3) .
Individual Variability in Melanocyte Density Assessed by Various Molecular Markers
Very little is found in the literature that addresses the density of cutaneous melanocytes. Barlow et al. determined the density of epidermal melanocytes by H&E staining of 6-lm sections; at 403 magnification the mean 6 SD number of cells was 7.96 6 6.7 cells/mm (35) . No difference in melanocyte density was found between skin samples taken from regions of the head, neck, trunk and extremities. In these studies, no particular considerations were mentioned regarding the history of sun exposure for the investigated skin.
In the current study, the interfollicular epidermal melanocyte density was determined comprehensively. In unexposed skin, we counted 17.4 and 18.4 melanocytes/ mm of epidermis for DNp63-negative cells and morphologically assessed melanocytes (eosin-PAS staining), respectively. The corresponding ranges in patients were 12-24 cells/mm for DNp63 staining and 12-27 cells/mm for eosin-PAS staining; the CVs were 22% and 20%, respectively.
The maximum number of melanocytes determined in the MITF and Bcl-2 staining experiments after irradiation were 20.9 and 21.9 cells/mm, respectively. The CV for MITF number was 27% and for the Bcl-2 number 23%. The individual variability in melanocyte density, though rather limited in our assessment, was confirmed by the strong correlation between Bcl-2-positive and MITF-positive melanocytes in unexposed skin and irradiated skin (Fig.  4) . Collectively, individual variability in melanocyte density was threefold lower in our study than reported by Barlow et al. (35) .
In the patient cohort presented here, the number of basal keratinocytes was determined to be 160 cells/mm (4) . Based on all staining experiments, the number of melanocytes was 18-23 cells/mm, indicating that cells in the melanocyte lineage comprise close to 13% of the cells in the basal cell layer of the interfollicular epidermis. These data are associated with a Swedish male population usually presenting with skin types 2 and 3; skin types 1 and 4 are rare in this population (48, 49) . Furthermore, the assessments were performed using skin biopsies taken from the hip region, which is not usually exposed to sun. No significant correlation between patient age and melanocyte density was found in the range of 49 to 74 years.
Quantification of MITF and Bcl-2
The number of MITF-positive cells gradually increased with daily dose per fraction of 0.05-1.09 Gy when assessed at 1 and 6.5 weeks of radiotherapy, with similar dose responses at the two time points (Table 1 ). The number of MITF-negative melanocytes decreased in a dose-dependent manner within the same dose range and exhibited hyperradiosensitivity to fractionated doses as low as 0.05 Gy ( Table 1 ). The decrease in MITF-negative cells with dose precisely reflects the increase in MITF-positive melanocytes and indicates hypersensitivity to differentiation at doses below 0.3 Gy (Fig. 2C) . Co-staining for DNp63 and MITF demonstrated the existence of MITF-negative cells, i.e., undifferentiated melanocytes, in the interfollicular melanocyte population and their disappearance after irradiation (Fig. 5A) .
Similarly, the number of Bcl-2-positive melanocytes increased gradually with daily dose per fraction of 0.05-1.09 Gy, with a similar dose response at 1 and 6.5 weeks of radiotherapy (Table 1 ). In addition, the number of BCL-2-negative melanocytes decreased and hyperradiosensitivity was demonstrated at doses below 0.3 Gy (Fig. 2D) . The connection between MITF and Bcl-2 is expected from in vitro studies showing that MITF promotes cell viability by regulating Bcl-2 (25) . Here, we confirmed that this regulation persists in the clinical setting of radiotherapy, as illustrated by the strong correlation between Bcl-2 and MITF levels in each patient (Fig. 4) . This observation was confirmed by the one-to-one correspondence in MITF and Bcl-2 co-staining (Fig. 5C ).
Apoptosis and Proliferation
Melanocyte resistance to genotoxic stress has been attributed to upregulation of anti-apoptotic protein Bcl-2 by MITF (25) . In addition, melanocytes have been confirmed to be resistant to UVR-induced apoptosis mediated by the activation of MITF in association with SWI/SNF complexes (46, 50) . Importantly, the SWI/SNF complexes prevent DNA damage-induced apoptosis, an effect that is related, at least in part, to the ability of SWI/ SNF complexes to repair DNA DSBs (51) . Thus, the SWI/ SNF complexes exert strong effects on the fate of melanocytes by driving differentiation and preventing apoptosis after genotoxic insult.
In a previously reported evaluation of apoptosis in the basal cell layer, only 0.2-1.5 apoptotic cells/mm was detected in the patient groups; the highest rate was observed after receiving 1.1 Gy dose fractions for 6.5 weeks (4). Therefore, we conclude that apoptosis in the epidermal melanocyte population is negligible. Notably, in a numerical comparison, cell death by apoptosis cannot explain the disappearance of MITF-and Bcl-2-negative cells upon exposure to ionizing radiation.
Ki-67 staining allowed us to exclude the possibility of significant melanocyte proliferation during the 7 weeks of treatment, supporting the consistent number of DNp63-negative cells observed during treatment (Fig. 2A) . We can also state that the increase in MITF-and Bcl-2-positive cells upon ionizing radiation exposure is not caused by proliferation.
Differentiation Status of Skin Melanocytes
In this study we conclusively show that a subset of interfollicular melanocytes in unexposed skin is MITFnegative; these were also DCT-negative and c-KITnegative. In this subset, we identified PAX3-positive and SOX10-positive cells. To the best of our knowledge, this finding is unique. We believe that the main reason that we could reveal a subset of MITF-negative melanocytes is that all biopsies were taken from the hip region, which is not usually exposed to sun. (10, 12) . In the interfollicular epidermis, subsets of cells express DCT, c-KIT, PAX3, SOX10 and MITF. Co-expression of the various markers is not well known. However, a variable differentiation status among interfollicular melanocytes were identified by Medic and Ziman (15) , showing that approximately 20% of the melanocytes were less differentiated.
Radioresistance Induced by Differentiation
In the current study, we established that melanocytes are radioresistant regarding cell death and remain constant in number to fractionated doses below 1.1 Gy over the 7 weeks of treatment. The upregulation of MITF induced by UVR requires activation of PAX3, SOX10 and c-AMP. UVR-induced c-KIT activity also promotes MITF expression. We established that increased expression of both PAX3 and SOX10 occurs in parallel with upregulation of MITF after irradiation and also observed an increase in c-KIT. Further evidence of differentiation after irradiation was established by staining for DCT, which revealed increased numbers of DCT-positive cells, enhanced staining intensity and higher density of enlarged dendrites after irradiation (Fig. 5L) . Taken together, the first steps of radiation-induced melanin synthesis were confirmed.
The double-staining experiments with SOX10 and MITF, PAX3 and MITF, SOX10 and PAX3, and MITF and DCT that were used in our current study suggest similar regulation of MITF transcription after irradiation and what has already been established for UVR exposure, with the initiation of differentiation as the major response mechanism (Fig. 5D, F and G) .
In support of our findings, differentiation as a response to ionizing radiation was confirmed for melanocyte stem cells in the hair follicle bulge of adult mice (29) . After 5 Gy irradiation, melanocyte stem cells lose their immaturity and renewal to become melanin-producing dendritic melanocytes.
Keratinocyte-Melanocyte Interactions
Upon exposure to ionizing radiation, nuclear expression of p53 and p21 was very weak and considered negative in melanocytes compared to surrounding keratinocytes ( Fig.  5I and J) . This phenomenon was reported previously for human skin after exposure to UVR (52, 53) , but the molecular pathways that suppress the p53-p21 pathway in melanocytes is poorly understood. However, PAX3 was recently shown to inactivate the function of p53 by stimulating its ubiquitination and degradation (54) . Furthermore, ATR function is suppressed in melanocytes after UVR exposure and chemotherapy (cisplatin), suggesting a lack of activation of p53 and, subsequently, p21 (28) . This particular response in melanocytes is also expected after radiation-induced DNA damage. Interestingly, ATR inhibition was confirmed to protect noncycling human cells exposed to UVR from undergoing apoptosis (55) . Specific regulation of ATM kinase in melanocytes is still not known.
In a previously published study, although p21 mRNA and protein levels increased after DNA damage to melanocytes, p53 binding to p21 promoter DNA was undetectable (36) . The lack of p53 and p21 expression in melanocytes in the current study highlights the critical role of ionizing radiation-induced p53 expression in keratinocytes and its associated paracrine signaling to melanocytes. The dosedependent ATM-driven paracrine signaling from keratinocytes is reflected in the hypersensitive dose-dependent increase in MITF expression by melanocytes in parallel with the hypersensitivity found for all end points studied in keratinocytes (4).
We suggest that the hypersensitivity response toward melanocyte differentiation reflects incomplete phosphorylation of ATM in keratinocytes over the low-dose range (56) and corresponding incomplete dose-dependent paracrine signaling from keratinocytes. It has been previously established that skin keratinocytes exhibit hypersensitivity below 0.3 Gy for DNA DSBs, growth arrest, mitosis, apoptosis and overall cell loss (2-4).
In conclusion, constant levels of DNp63-negative cells suggest that the number of cells in the melanocyte lineage is preserved throughout the fractionated radiation therapy over 6.5 weeks at doses up to 1.1 Gy. A subpopulation of undifferentiated MITF-and Bcl-2-negative cells exists in unexposed interfollicular epidermis. After exposure to low doses of ionizing radiation, this subset of cells upregulates MITF and Bcl-2 in association with increased expression of PAX3, SOX10, c-KIT and DCT, indicating that differentiation and radioresistance for cell death is induced. The results suggest that the initial steps of melanin synthesis are common after exposure to ionizing radiation and UVR.
